Most people with a chronic disease actually have more than one, a condition known as multimorbidity. Despite this, the evidence base to prevent adverse disease outcomes has taken a disease-specific approach. Drawing on a conference, Improving Guidelines for Multimorbid Patients, the goal of this paper is to identify challenges to the generation of evidence to support the care of people with multimorbidity and to make recommendations for improvement. We identified three broad categories of challenges: 1) challenges to defining and measuring multimorbidity; 2) challenges related to the effects of multimorbidity on study design, implementation and analysis; and 3) challenges inherent in studying heterogeneity of treatment effects in patients with differing comorbid conditions. We propose a set of recommendations for consideration by investigators and others (reviewers, editors, funding agencies, policymaking organizations) involved in the creation of evidence for this common type of person that address each of these challenges. The recommendations reflect a general approach that emphasizes broader inclusion (recruitment and retention) of patients with multimorbidity, coupled with more rigorous efforts to measure comorbidity and comorbidity burden and the influence of multimorbidity on outcomes and the effects of therapy. More rigorous examination of heterogeneity of treatment effects requires careful attention to prioritizing the most important comorbid-related questions, and also requires studies that provide greater statistical power than conventional trials have provided. Relatively modest changes in the orientation of current research along these lines can be helpful in pointing to and partially addressing selected knowledge gaps. However, producing a robust evidence base to support patient-centered decision making in complex individuals with multimorbidity, exposed to many different combinations of potentially interacting factors that can modify the risks and benefits of therapies, is likely to require a clinical research enterprise fundamentally restructured to be more fully integrated with routine clinical practice.
INTRODUCTION
Most older people afflicted by one chronic disease experience more than one. Considering just five major chronic diseases among older adults in the U.S. who have one, in fact 53-85 % have at least two of those five conditions, with the prevalence depending on the index chronic disease chosen. 1 Doctors and other clinicians caring for these patients need to address the patients' problems in their full complexity. This includes taking into account the seriousness and severity of each patient's conditions in the context of patient goals, attending to the burdens and risks of polypharmacy and medical testing, managing functional or cognitive disabilities that might impact a patient's ability to adhere to therapy, accounting for gastrointestinal, hepatic or kidney disease that impact the pharmacokinetics or risks of therapy or any other way chronic conditions interact, either directly or through their treatments. Yet clinical research methods are not generally designed to study the ways conditions interact. For example, a review of trials reported in the New England Journal of Medicine found only 27 % made it clear whether a subgroup analysis was prespecified or post hoc. 2 It should not be surprising, then, that the resultant "evidence-based" clinical practice guidelines (CPGs) may be absurdly unachievable, or potentially harmful, in patients with multiple chronic conditions. 3 The large and growing footprint of multimorbidity demands an empirical evidence base that can directly inform practice through CPGs that take conditions other than the index condition into account. 2, 3 The goal of this paper is to identify challenges to the generation of such evidence, to support the care of people with multimorbidity and to advance a set of recommendations for consideration by investigators and others (reviewers, editors, funding agencies, policymaking organiza-tions) involved in the creation of evidence for this common type of person. Here, we focus on improving the generation, analysis and reporting of primary data, while companion papers discuss evidence synthesis and integration, 4 and the development of CPG recommendations themselves. 5 
METHODS
To provide a comprehensive list of challenges, a subset of investigators (CW, RV, DK) created an inventory of challenges raised by the presence of multimorbidity during the generation of evidence used by clinical practice guidelines, based on a review of investigator article libraries. The scope and terminology of the list was amended at an in-person research retreat by the nine-member Multimorbidity and CPG Study Group. Next, we performed a structured, limited literature review that examined papers from two symposia on multimorbidity [6] [7] [8] [9] [10] and all articles citing papers from the symposia identified using ISI Web of Science. 11 Additional articles, including more recent literature, were included on an ad hoc basis. Our goal required that we survey the several topics described below, making a single systematic review unfeasible.
This inventory of challenges was reviewed and critiqued at a second in-person research retreat by all Improving Guidelines for Multimorbid Patients Study Group investigators (CB, SD, DK, BL, JS, TT, KU, RV, CW). After further editing, the list was sent to outside experts (AV, KB-R, MP) for review and critique. The revised inventory was discussed at a conference on Improving Guidelines for Multimorbid Patients (Baltimore, MD, October 2010) attended by researchers from various disciplines (medicine, public health, biostatistics), and stakeholders from government, other payors and industry. A goal of this conference was to encourage discussions that spanned the procedures inherent to evidence generation, evidence synthesis and guideline development. The final set of challenges and recommendations was created after incorporation of ideas discussed at the conference.
RESULTS

Challenges
Three broad categories of challenges were identified: 1) defining and measuring multimorbidity during evidence generation for clinical practice; 2) the effects of multimorbidity on study design and implementation in both randomized controlled trials and observational studies; and 3) reliably describing heterogeneity of treatment effect related to multimorbidity. These are summarized in Table 1 and discussed immediately below.
Defining and Measuring Multimorbidity During Evidence
Generation for Clinical Practice. Perhaps the most basic challenge in multimorbidity research is achieving clarity regarding the concept or concepts of multimorbidity that should be measured to address a particular question. Determining who has zero or just one chronic disease, versus more than one, depends on how the set of qualifying chronic diseases are selected. There is currently no standard list of diseases to be considered in a disease count measure of multimorbidity. 1, [12] [13] [14] In addition, non-disease-specific conditions or measures of function (hearing, vision, gait, continence, etc.) are likely to be relevant for a given research question and may be desired as part of a multimorbidity measure 15, 16 or a complexity measure. 17 Thus, substantial scientific judgment, which is to say subjectivity, is necessarily used to measure multimorbidity.
There are numerous multimorbidity measures that have been proposed to capture underlying sickness. 18, 19 As a group, they present a bazaar of indicators of disease severity, non-disease-specific conditions, functional status, receipt of treatment and utilization, and other items. It follows that the criteria used to validate these pre-tested Internal validity Multimorbidity may lead to misclassification of treatment or inaccurate measure of treatment intensity (e.g. initiation-identification of 'time zero', duration, dosage). Multimorbidity may affect selection of treatments or treatment intensity. Multimorbidity may lead to confounding and interactions due to concomitant treatments. Multimorbidity may lead to misdiagnosis of outcomes. Multimorbidity may increase the likelihood of losses to follow-up.
External validity
Multimorbidity poses challenges for selection of participants from the at-risk population, especially recruitment. Multimorbidity may affect adherence to treatment. Multimorbidity may alter real-world effectiveness of treatments due to harms and competing risks.
Heterogeneity of Treatment Effect
People with multimorbidity are frequently excluded from trials-sometimes appropriately, sometimes inappropriately. Even when people with multimorbidity are included in trials, summary treatment effects may not apply. Multidimensionality is a fundamental problem when considering multimorbidity, as the number of potential multimorbidity-related questions are too large to be answered in any given clinical trial/trials. A multiplicity of outcomes may be important when patients with multimorbidity are enrolled. Subgroup analyses frequently yield false positive or false negative results due to multiple comparisons or low statistical power. Multimorbidity-related multi dimensionality makes it challenging to pre-specify a small number of clinically important hypotheses related to subgroups and outcomes.
measures are also varied. They include prediction of mortality, health care utilization, institutionalization, functional status, quality of life and more. Thus, the selection of an appropriate measure should be driven by an explicit rationale for whether multimorbidity is being measured to study specific hypotheses, identify treatment effect modification, adjust for confounding, improve prediction or for another purpose. We are unaware of any general framework that would help reduce the analytic complexity of the potential interactions between an index condition and comorbidities. In the case of diabetes, a framework has been proposed that categorizes comorbidities into typologies, 20 including clinically dominant conditions; concordant versus discordant conditions; and symptomatic versus asymptomatic conditions. While such typologies may ultimately prove useful for prioritizing care, it is at this point difficult to see how it might be applied to help reduce the analytic complexity of interaction effects potentially at play in comparative effectiveness research.
Additional technical challenges are also described in Table 1 .
Multimorbidity-Related Effects on Randomized, Controlled Trial or Observational Study Design and Implementation.
While the trial is the most reliable method for obtaining a causal estimate, practical and ethical considerations may preclude the conduct of trials in certain types of people with multimorbidity, particularly after a narrowly focused trial has established the efficacy of a treatment. 21 Therefore, it is essential to consider observational studies as a source of evidence for people with multimorbidity.
Observational studies are essential given the practical limitations of trials, but the absence of a focused design leaves them highly susceptible to multimorbidity-related sources of systematic bias, including measurement error and missing information on treatments, outcomes and prognostic variables. 22, 23 Further, the treatment selection process is extremely difficult to understand in observational studies, i.e. how treatment choices are made by or made for the person are only partially decipherable and the presence of multimorbidity can exacerbate confounding by indication. While prospective cohorts have the potential to address some of the concerns regarding measurement error and missing information that often mar other types of observational studies, it does not fully address treatment selection bias.
Multimorbidity can affect the internal and external validity of evidence generated by trials and observational studies. It can affect internal validity by increasing misclassification of treatment or inaccurate measure of treatment intensity; by influencing selection of treatment leading to confounding by indication; by contributing to misdiagnosis of outcomes; by interactions due to concomitant treatments; by modifying treatment responsiveness and/or treatment effects; or by increasing the likelihood of losses to follow-up. In addition, multimorbidity provides challenges to external validity by affecting selection of participants from the at-risk population; by association with adherence to treatment; and by altering the real-world effectiveness of treatments due to harms and competing risks.
Heterogeneity of Treatment Effect. The fact that people with multimorbidity may have multiple chronic conditions, each with a spectrum of subtypes and severities as well as different treatments, means that people with multimorbidity have more ways to be dissimilar both to one another and to people without multimorbidity. When these differences meaningfully affect the risk of harm from a treatment and treatment benefit, it can be difficult to sort out this balance for an individual. For example, given just two chronic diseases and a single treatment for each, there are 16 possible exposure patterns (half of which may be relevant for CPGs) and four relevant interactions (disease A x disease B; disease A x treatment B; treatment A x disease B; treatment A x treatment B). Examples of interactions in each of these categories with the potential for clinically meaningful consequences are shown in Table 2 for chronic obstructive pulmonary disease. To account for all possible disease and treatment interactions in a real clinical population is analytically impractical if the goal is hypothesis testing rather than exploration. A comprehensive list for just a single condition would require a major effort, though the task might be somewhat simplified by studying the most prevalent chronic condition patterns in index conditions. 21 Given the myriad ways that co-occurring chronic conditions might influence treatment effect, it should not be surprising that complex patients with multimorbidity are often excluded from clinical trials. [24] [25] [26] Such people may be excluded by the protocol both directly (via condition- specific exclusion criteria) or indirectly (e.g. through agerelated or treatment-related exclusion criteria). They may also be excluded from trials through recruitment failure or by cautious investigators. For efficacy trials concerned with limiting toxicity for relatively untested therapies and with measuring treatment effect under conditions suited to optimal assay sensitivity, exclusion of multimorbid patients is often scientifically justified.
However, it cannot be assumed that treatment effects from highly selective efficacy trials apply to people with multimorbidity. Indeed, if such an assumption were valid, there would be little motivation or justification for excluding such people in the first place. There have recently been increasing calls for more pragmatic trials that enroll people more representative of those treated in clinical practice. [27] [28] [29] It is widely believed that the results will be more generalizable to "real world" routine clinical practice. However, the results of such trials have to be interpreted carefully. Recent work has underscored that in the presence of clinically important heterogeneity of treatment effects, the summary result of a clinical trial can be misleading regarding many included patients. 26, 30, 31 Including people with multimorbidity is likely to exacerbate the problem of within-trial heterogeneity of treatment effect, for the reasons discussed above. Indeed, the argument for including such people in clinical trials is precisely that the effect size for benefit or harm measured in healthier people may not apply to those with chronic diseases. Including subpopulations within a clinical trial where substantial heterogeneity of treatment effect is anticipated may thus yield a single summary result not as directly applicable to any individual as in a homogenous trial sample. 32 Heterogeneity of treatment effect within clinical trials is typically addressed through subgroup analysis. However, subgroup analysis is well known to be prone to false positive and false negative results due both to multiple hypothesis testing and low statistical power. [33] [34] [35] Powering a study to test whether treatment effect is different according to the presence or absence of just a single chronic condition will require larger sample sizes in most cases, compared to powering for a main effect. Table 3 shows that the sample size required to test a treatment effect interaction hypothesis increases by a factor of four to five if half the sample has a chronic disease of interest, and by a factor greater than ten if only one-fifth does. Testing more than one multimorbidity-related subgroup effect requires still larger samples.
Since people can have so many different combinations of multimorbidity and because any additional chronic condition or multimorbidity pattern can potentially influence the risks and benefits of treatment in different ways, the conundrum of multidimensionality is especially relevant when considering the evidence base for people with multimorbidity. While recommendations and frameworks for analyzing heterogeneity of treatment effects have been proposed [36] [37] [38] [39] to partially address these issues, as yet there is no clear consensus on how best to cope with heterogeneity of treatment effect in the context of clinical trials and in many-perhaps most-circumstances, it will simply not be possible to address every potentially clinically important multimorbidity-related question in the context of a randomized trial. This again implies that prioritization of multimorbidity-related questions, and other dimension reducing strategies, will be crucial. It further implies that we should anticipate gaps in the evidence that randomized controlled trials can produce and that observational studies and physician judgment will be needed to fill these.
Recommendations
Based in part on the barriers identified above, the conference on Improving Guidelines for Multimorbid Patients provided a dedicated opportunity to discuss the recommendations for how evidence generation might be modified in order to best inform the downstream processes of evidence synthesis and guideline development. Our initial set of recommendations focused on actions researchers should currently consider when performing a trial or observational study, to make their results more relevant to the multimorbid patient. These directly address the challenges identified above. However, we recognized that adhering to these recommendations was likely to have only Assumptions are: study power=0.8; the main treatment effect is a RR of 0.7; multimorbidity increases the outcome by a RR of 1.25; multimorbidity has a synergistic effect, increasing the treatment effect by a factor of 0.8 from 0.7 to 0.56; the baseline hazard rate is five events per 100 personyears; proportion of sample censored is 0.6. For two or three subgroup analyses, the family-wise type I error probability is kept at 0.05 according to a Bonferroni correction. Estimates are based on 10,000 simulations using the Cox proportional hazards model a relatively modest impact on the evidence base. We therefore proposed research priorities to address critical methodological issues and a map that points to infrastructural changes necessary for more robust evidence generation. Even though these recommendations were derived from a conference of experts from a variety of fields, they are limited by the need to cover a number of relevant topics.
Had it been possible to conduct formal systematic literature reviews for all of these topics, additional challenges and recommendations may have been identified.
Recommendations for Researchers. Recommendations for researchers are summarized in Table 4 . These recommendations reflect a general approach that emphasizes the need for trials to be more broadly inclusive of patients with multimorbidity. At the same time, this more pragmatic approach will only be more useful for the care of multimorbid patients if accompanied by more rigorous measurement of comorbidities and multimorbidity and more rigorous estimation of comorbidity-related heterogeneity of treatment effects. In turn, more rigorous examination of heterogeneity of treatment effects requires careful and explicit attention to prioritizing the most important comorbid-related questions, and also requires studies that provide greater statistical power than conventional trials have provided. As discussed below, the need for greater statistical power implies that conventional randomized trials alone will need to be supplemented by other and newer approaches, including greater reliance on observational studies, cross-design synthesis and clinically integrated trials, 40 which might permit larger more representative samples to be included at lower costs.
Methodological Research Priorities. Future work should attempt to validate the recommendations in Table 4 through their use in worked examples across a variety of diseases, and their application in trials and observational studies. Other identified priorities for new areas of research included 1) to develop consensus and framework for the routine assessment of comorbidities and general measures of multimorbidity in clinical practice and clinical trials and in clinical practice; 2) to understand common multimorbidity patterns that may account for a large proportion of the multimorbidity population; 3) to develop a framework for the assessment and reporting of heterogeneity of treatment effects that yields credible subgroup results; and 4) to develop cross-design synthesis methods (i.e. methods that use information from different study designs) for the valid extrapolation of clinical trial results to excluded populations.
In order to ensure comparability across studies, researchers require guidance on which set of comorbidities to measure and how to measure comorbidity burden. Relevant regulatory or policy bodies (e.g. the Food and Drug Administration, the National Institutes of Health, the Institute of Medicine) should establish a minimum set of comorbidity measures, while being attentive to the costs 
Definition and Measurement of Comorbities and Multimorbidity Status
Identify, define, measure and routinely report the within-study prevalence of important and common comorbid conditions. As a general rule, this should also involve measuring and reporting summary metrics of multimorbidity. Explicitly pre-specify the specific motivation for studying multimorbidity so that the most appropriate multimorbidity concept is measured. Select a multimorbidity measurement instrument that best measures the most relevant aspect of multimorbidity for the research question of interest. Based on specific motivation for studying multimorbidity, nondisease conditions should be considered. Multimorbidity measurements should ideally be easily and reliably obtained in real world clinical practice. Multimorbidity should be measured in ways that allow comparability of results across studies. 2. Multimorbidity-Related Effects on Study Design, Implementation and Analysis Internal validity
Fully ascertain exposure to treatments (including onset, intensity and duration) and important multimorbidities with minimal bias and error. Employ sound statistical methods, as well as external validation studies, to address treatment selection bias affecting internal validity. Ascertain exposure to concomitant treatments and harms related to any treatments. Design study procedures to avoid mis-diagnosis of outcomes in people with multimorbidity. Pre-specify all likely treatment effect modifiers related to multimorbidity and implement study designs and procedures to deal with these. Consider how multimorbidity will affect overall study power (especially outcome event rates) and whether study power should be calculated in light of important multimorbidities. Design study to minimize losses to follow-up, especially in people with multimorbidity. External validity Study entry criteria should not explicitly or implicitly exclude people with important multimorbidity from trials unless necessary. Design study procedures to recruit and retain people with important multimorbidity into trials. Consider person-level and provider or environmental modifiers of treatment effect during study design and implementation, focusing on methods that will maximize applicability. Monitor adherence to treatment rigorously to avoid misclassification according to multimorbidity status. Consider distribution of competing risks in target populations and how it should be represented in study samples.
Heterogeneity of Treatment Effect
Identify and prioritize multimorbidity-related questions, obtaining expert clinical input where necessary. Analyses should examine treatment effect modification across groups defined by important clusters of characteristics (e.g. by risk or by comorbidity burden), rather than only one-variable-at-a-time subgroup analysis. Consider powering to support multimorbidity-related subgroup effects. Consider stratification of randomization by important multimorbidity-related subgroups. Consider multimorbidity-specific trials when indicated. Collect relevant multimorbidity-related outcome data, particularly related to adverse events. Define subgroups of interest for confirmatory, descriptive or exploratory analyses. Subgroups for confirmatory analyses should be very few; fully pre-specified; explicitly justified; based on strong a priori pathophysiologic or empirical evidence of heterogeneity of treatment effects; adjusted for multiplicity if appropriate; and, always reported and labeled.
and burdens of collecting this information. These can be extended by disease-specific specialty societies and researchers would not be restricted from applying additional measures of comorbidity related to their specific hypotheses. In addition, high priority was given to the need for better ways to tease out how treatment effects are modified by comorbid diseases and their treatments. An important concept is that patient-centered analysis of heterogeneity of treatment effect should consider how treatment effect is modified across patients defined by different clusters of characteristics, rather than in the conventional one-variableat-a-time-fashion. 36 These clusters might be based on fundamental risk dimensions most likely to influence treatment effect (such as prognostic scores predictive of outcome risk or comorbidity scores predicting of competing risks). 36 Frameworks grouping comorbidities into categories according to how they may interact with the index condition may also prove useful, 20 if further defined. The main proposal emerging from this discussion was a classification scheme for subgroup analyses that clarifies how subgroup analyses may be used for different purposes. Confirmatory (or primary) subgroup analyses and exploratory subgroup analyses have previously been described. 36, 38, 39 Descriptive subgroup analyses describe a category that may be particularly relevant to address multimorbidityrelated heterogeneity of treatment effect. 38, 39 Descriptive subgroups are those analyses that should be performed routinely. 41 They are best defined through a consensus process such that the subgroups that constitute the descriptive set are chosen in order to promote evidence synthesis across studies, and are not based on study-specific hypotheses. These analyses are defined a priori, and are fully pre-specified (i.e. ideally at the start of the trial, but definitely before the analysis of any data). This category is distinguished from other exploratory analyses by virtue of always being intended for information synthesis, i.e. later meta-analysis, and derived through consensus regarding what should be done across related trials. It is expected that through this type of analysis, clinical experts and guideline developers will influence trial processes, at least by defining the minimum set of descriptive subgroups for a given index disease. Such descriptive subgroup analyses may also be deposited in an open access database as an alternative to conventional reporting in scientific journals. Thereby, investigators planning new trials or observational studies and meta-analysts could benefit from a complete evidence base with respect to potential effect modifiers.
Concluding Remarks and a Map to Generate Robust
Evidence for People with Multimorbidity. Because the trial is adopted as a tool in medicine largely to develop and evaluate new medical products, most trials are small phase 1 or phase 2 studies, and most phase 3 trials are industrysponsored experiments specifically designed to satisfy regulatory requirements to support an efficacy claim and bring a product to market. 42 Pragmatic designs will typically attenuate average treatment effect as protocols are liberalized to include patients, settings and care paradigms that deviate from the conditions that are suited to optimize assay sensitivity. It is unrealistic to expect pivotal efficacy trials to be optimized to measure treatment effects across all patients and settings, since a null trial, performed with an extreme pragmatic design, is not informative as to whether or not an intervention can work. For example, it may be that a treatment does not work in an average setting, but is effective when patients are better selected in terms of meticulous attention to diagnosis, adherence, disease severity or the absence of particular comorbidities or co-treatments, or in settings with better monitoring or a higher commitment to and/or more experience with the intervention. 43 However, prior to widespread dissemination and adoption of interventions beyond the efficacy population and setting, trials in populations where equipoise remains (defined by the absence of robust data) should be expected, demanded and encouraged or required by regulatory agencies (e.g. the Food and Drug Administration, the European Medicines Agency, etc.), the National Institutes of Health, journal editors and reviewers and professional societies. Because the purpose of these trials is not to establish an overall effect, but to evaluate modification of treatment effects across major subgroups or settings, these trials may need to be much larger than conventional trials. Such trials are only feasible when the clinical research and health delivery enterprise are more fully integrated, such that the incremental costs of research are minimized. 40, 44, 45 Data collection, including outcome ascertainment, should be integrated with clinical practice through electronic health records.
Given the massive amount of data required for these analyses, this disruptive change to the clinical research enterprise 44 will need to be accompanied by new concepts for data ownership that facilitate and encourage data sharing. [46] [47] [48] Thus, it is encouraging that there are recent examples of providing open access to clinical trial data, [49] [50] [51] [52] including directly by industry, 53 and also proposals that would make such data available on a routine basis. 54 That the current evidence-base for people with multimorbidity is deficient is broadly recognized. 3, 55 It seems clear that addressing this challenge requires a major commitment by the different organizations and individuals involved at each step in the generation and synthesis of evidence used in clinical practice guidelines.
